This work is motivated by the limitations of statistical quality metrics to assess the quality of images distorted in distinct frequency ranges. Common quality metrics, which basically have been designed and tested for various kind of global distortions, such as image coding may not be efficient for watermarking applications, where the distortions might be restricted on a very narrow portion of the frequency spectrum. We hereby want to propose an objective quality metric whose performances do not depend on the distortion frequency range, but we nevertheless want to provide a simplified objective quality metric in opposition to the complex Human Visual System (HVS) based quality metrics recently made available. The proposed algorithm is generic (not designed for a particular distortion), and exploits the contrast sensitivity function (CSF) along with an adapted Minkowski error pooling. The results show a high correlation between the proposed objective metric and the mean opinion score (MOS) given by observers. A comparison with relevant existing objective quality metrics is provided.
INTRODUCTION
During the last couple of decades, digital watermarking has significantly been improved regarding various aspects. Early works have mostly focused on robustness improvements, more recent research targeted on optimal security. However, although of great importance, the watermark invisibility has not received much attention and is commonly ensured by means of MSE or PSNR. Objective quality metrics (OQM) have sometimes been exploited to ensure the watermark invisibility. The most commonly used quality metrics for digital watermarking are WPSNR [1] or SSIM [2] . The limitations of these metrics for watermarking applications were recently pointed out [3] .
In this work we particularly focus on the unsuitability of common statistical quality metrics (such as PSNR or SSIM) when comparing watermarking algorithms operating in different frequency ranges. Effectively, although the PSNR might give a reasonable indication of the image quality when comparing watermarked images with various embedding strengths for a given watermarking algorithm, it can be inefficient when comparing the PSNR outputs for two techniques operating in different frequency ranges. This observation might not hold for spread spectrum techniques, where the watermark is basically spread over all the frequency spectrum. Nevertheless it is an important issue to keep in mind when comparing watermarking techniques operating in various frequency ranges, for instance, wavelet domain watermarking techniques might modulate the watermark in specific subbands.
Evidently the most efficient way to assess the perceived quality of watermarked images is to run a subjective experiment where human observers are asked to judge the quality of the displayed images. Subjective experiments are very restrictive and require a specific setup. Objective quality assessment have recently been of great interest to the human vision community, OQM are designed to provide the best approximation of the observers' quality score. We hereby propose an objective quality metric taking a very simple but yet important HVS feature into account, and a comparison with several widely used objective quality metrics. Common HVS based objective quality metrics are usually made of five distinct steps [4] : A pre-processing step can be used (such as the screen non linearity function), CSF filtering is then performed, masking effects are considered (via a perceptual channel decomposition), error normalisation can then be computed to provide a distortion map, and finally an error pooling on this map provides a predicted quality score (commonly called predicted MOS, abbreviated as Spatial trequency (cy/d) MOSp), which supposedly correlates well with the MOS provided by human observers. Objective quality metrics can be of three different kinds. No reference quality metrics compute a MOSp based on the distorted image only, Reduced Reference Quality Metrics use both the distorted images and some features collected from the original image. Finally, Full Reference Quality Metrics use both the original and distorted image to predict the quality score. In the watermarking context, Full Reference Quality Metrics can be considered. This paper is structured as follows: In Section 2 we present a simplified perceptual quality metric, taking into account some basic HVS properties for a better quality estimation independent of the watermark frequency. The subjective experiment protocol is detailed in Section 3 along with brief description of the subjective databases which are used for evaluating the metrics performances. A performance comparison of the proposed metric with a number of commonly used OQMs is presented in Section 4. We finally give concluding remarks in Section 5.
PROPOSED METRIC
Basically, two very important steps in objective metrics design are the contrast sensitivity consideration and a proper error pooling. Our main goal in this work being to propose a simple, fast, but nevertheless efficient objective quality metric, we hereby restrict the proposed metric to contrast sensitivity modeling, combined with an optimized error pooling.
The sensitivity of the HVS varies with many factors, including luminance level or contrast. The Contrast Sensitivity Function (CSF) (depicted in Figure 1 ) represents human sensitivity to spatial frequency. Using the CSF is essential when designing an objective quality metric, especially for watermarking applications, where the distortions might occur in different frequency ranges. The 2D CSF (inset in Figure 1 ) basically filters the Fourier spectrum of an image, thus enhancing the portions of the image having peak sensitivity. The behavior of common OQMs is strongly linked to the frequency range of the distortions. For example, Figure 2 shows the MOS versus MOSp plots for PSNR and SSIM when watermarks are added either in Low Frequency (LF), Middle Frequency (MF) or High Frequency (HF) bands (see details about the "Fourier database" in Section 3). Three distinct clusters corresponding to the watermark embedding frequencies can be identified. Watermarked images having the same PSNR (or SSIM) value might have very different perceived quality depending on the watermark frequency. We can notice on Figure 2 that for a fixed PSNR or SSIM value, the MOS values span a very wide range of quality scores. For instance, if we focus on the 35 dB PSNR or 0.98 SSIM score, the corresponding MOS values spread over the whole subjective quality range. This problem might be due to the lack of spatial frequency consideration in these two metrics. The SSIM metric has a very narrow MOSp range, close to 1, for low and mid-frequency watermarks. This is probably due to fact that SSIM exploits statistical image variations in a local window. Hence, for low and mid-frequency watermarks, where the image variations are negligible in a local window, the SSIM always gives a MOSp value close to one. This confirms the importance of spatial frequency consideration in quality evaluation. Thus, considering the CSF, which basically weights the images spatial frequencies according to the HVS sensitivity may result in a better quality metric for such applications. As previously explained, HVS based OQMs are usually made of five distinct steps [4] . We hereby want a fast but nevertheless efficient frequency independent quality metric. Being computationally expensive, the perceptual channel decomposition is not considered in the proposed metric. Besides, the screen non-linearity function does not have a significant impact on the MOSp value, and furthermore makes the resulting MOSp values dependent on the viewing monitor. The proposed metric is thus restricted to a frequency weighting function (CSF) along with an appropriate error summation.
The different steps of the proposed objective quality metric are depicted on Figure 3 . First, the 2D-Fourier transforms of both the original and the distorted image are computed. Each spectrum is weighted by 2D-CSF [5] , thus emphasizing perceptually significant frequencies. The inverse Fourier transform of both resulting spectra are then computed and a weighted error map is obtained by taking the absolute value of their differences. Finally, a Minkowski summation on the weighted error map provides the MOSp value. The Minkowski error pooling is commonly used as the final step of OQM [6] , it is defined as
where N is the number of pixels in the image, and v(i) the absolute difference value at the i th spatial location in the difference map. The generalized Minkowski summation, where P = R, provides additional flexibility for adjusting the response of individual parameters to changes in perceived quality. As a special case, Equation 1 reduces to the mean absolute error (MAE) when R = P = 1, and the MSE if P = 2. Finally if R = P = 2 , the Minkowski summation is equivalent to the RMSE. As P increases, more emphasis will be put at the image regions of high distortions. A fine tuning of the error pooling step may lead to better metric performances.
EXPERIMENTAL SETUP
The performance of the proposed "CPA" metric was evaluated on four subjective data-sets. Among these subjective databases * , three are based on digital watermarking algorithms operating in various transformed spaces, and a coding database was also used for comparison purposes. All subjective scores (MOS) were collected in normalized viewing conditions as recommended by the International Telecommunications Union (ITU). Interested readers should refer to [3] for further details on the experimental setup. A pair comparison protocol was used in the experiments. The original and the distorted images were displayed at a distance of six times the display height and the locations of both original and distorted images were known explicitly to the observers. The observers were asked to rate the impairments on a scale of five categories (5: "Imperceptible", 4: "Perceptible, but not annoying", 3: "Slightly annoying", 2: "Annoying", 1: "Very Annoying"). The same subjective protocol was used in all the tested databases. We hereby give a brief description of the databases:
Database1 (Seven observers) This database consist of images marked using FFT-domain watermarking technique. Five gray level input images were used, each being marked independently in six Perceptual subbands, corresponding to three different frequency ranges (Low-, Medium-and High-frequency). Seven embedding strengths were used in each Fourier sub-band, respectively 10%, 20%, 40%, 60%, 80%, 100%, 140% of the JND mask thus generating 210 watermarked images (see [7] for details on the embedding technique and perceptual channel decomposition). Details on this database are provided on-line: http://www.irccyn.ec-nantes.fr/~autrusse/Databases/FourierSB/ Database2 (Seventeen observers) The perceived quality of 120 distorted images was assessed. Ten original gray scale images were used (five natural images from the BOWS-2 database and five art images from the Louvre museum database), the "broken arrows" embedding technique [8] was used to generate six different embedding strengths, with target PSNR of 20, 24, 28, 32, 36 and 40 dB † . Two scenarios were considered, the standard settings of the "Broken Arrows" watermarking technique were used and a slightly modified scheme where CSF weights [9] were applied prior to the wavelet domain embedding.
Database3
(Fourteen observers) Twelve gray scale input images were used (from the BOWS-2 database). 120 distorted images were generated from five embedding strengths using either the Discrete Wavelet Transform or the Dual-Tree Complex Wavelet Transform. The watermark is multiplicatively embedded onto the subbands. The same embedding equation applies in both domains: y = x + α × |x| × w , where x stands for the original wavelet coefficient, α is a strength parameter, w is the watermark, and y the marked coefficient. The five embedding strengths were targeting PSNR values of 28, 32, 36, 40, and 44 dB ‡ .
Database4 (Nineteen observers) This database includes three types of coding distortions (JPEG, JPEG2000
and LAR [10] ). 120 distorted images were generated from these three codecs for 8 original color images, five compression rates were used for every codec . Interested readers might refer to [11] for further details on this experiment. Please, note that this database was used for testing purpose, and to ensure the validity of the metric for non-watermarking distortion type.
The performance of the proposed quality metric was compared with twelve metrics from the "metrix_mux" [12] , as both showed good performances for watermarking algorithm comparison purpose [3] . The weighted PSNR (WPSNR) [1] was also included in this study, as it is widely used by the watermarking community. Due to space limitation, we hereby present a complete analysis for three widely used quality metrics in watermarking domain (PSNR, WPSNR, SSIM) and an advanced HVS based OQM (C4), a brief performance analysis will be given on all the remaining metrics from the metrix_mux package.
RESULTS
In this work, the metrics' performances were evaluated by the analytical tools recommended by VQEG [13] , we hereby present results regarding Pearson/Spearman Correlations, RMSE and Outlier Ratio. In order to match the objective scores within the subjective range a fitting function was used, as recommended by the VQEG Multimedia TEST PLAN [13] . In this experiment, the Minkowski P and R parameters were tested in the range [1, 12] with a step of 0.5, best overall results were obtained with P = 5 and R = 10. Such unusual range for Minkowski parameters is explained by the higher dynamic range of the CSF filtered images.
The Tables 1 and 2 present an overview of the 15 metrics' performances. In the remaining of the paper, we analyse the results on either the best metrics (VIF and C4 have best overall performances) or the most widely used ones (PSNR, wPSNR, SSIM). The two tables show very clearly that most of the objective quality metrics present poor performances on Database 1. Our goal in this work is to demonstrate that watermarks having their energy concentrated into a narrow portion of the frequency spectrum may lead to inaccurate objective quality assessment. Only two metrics present an acceptable correlation (above 0.9) on this database (VSNR and CPA). Furthermore, the CPA metric presents the best overall results on the four tested databases (best average correlation, RMSE and outlier ratio), whereas the MSE is presenting the worst average performances on all tested tools. Figure 4 presents the MOS plotted as a function of the MOSp for four of the selected metrics on database 1. The graphs for both the PSNR and SSIM were already plotted in section 2 and are omitted here. Evidently a narrow and linear distribution of points is highly desirable. Contrary to similarity metrics, the proposed metric provides a measure of the differences between original and distorted images, thus yielding to a negative slope. As previously highlighted in Figure 2 , separate clusters are formed for most metrics on the database 1, each cluster corresponding to a particular frequency range. We can observe on this figure that the highest is the watermark frequency, the lowest is the predicted score for a fixed perceptual quality. We can also notice that the narrowest point distribution is obtained with the proposed "CPA" metric, which furthermore presents the straightest line distribution. Tables 1 and 2 for a better visualization of the 5 selected OQM and a straightforward comparison with CPA. Some important observations can be made on this plot:
• Although very simple in its design, the proposed metric presents very good performances on all databases with regard to the four analytical measures. It moreover presents the best performances on database 1.
• SSIM and PSNR overall present quite bad correlations with human judgement, and perform badly when the watermark is modulated on different frequency carriers (database 1).
• A significant performance discrepancy is noticeable on database 1, this is actually due to the different frequency embedding,
• The C4 metric, although being a reduced reference metric, provides overall satisfactory results. This metric has mostly been evaluated for coding distortions, and shows best performances on database 4.
• As briefly mentioned in the databases descriptions (section 3), some watermarking algorithms use a target PSNR to determine the watermark strength (Databases 2 and 3) . The PSNR is thus having its best correlation on these two databases, which is expected as the MOSp values are evenly distributed (clustered on the MOSp axis). We have nonetheless witnessed a very wide distribution of MOS versus MOSp plots for the PSNR, resulting in a somewhat important RMSE and Outlier Ratio (cf. in Fig. 5 ). Except for database 4, the CPA metric presents the lowest RMSE and lowest Outlier Ratio, which is a very important feature if the metric is to be adapted for determining a target quality threshold.
The VQEG Multimedia TEST PLAN recommends using a mapping function, which is basically used to rescale the objective scores within the range of the MOS. Figure 6 shows the fitted MOS versus MOSp plots for the CPA metric on all 4 tested databases. A least-square fitting was used in order to scale the MOSp output in the range 1 to 5. These plots shows the good performances of the proposed metric on various kind of distortions. 
CONCLUSION
We have proposed in this work a simple yet efficient objective quality metric exploiting basic features of the Human Visual System. The proposed metric was successfully compared to fifteen state-of-the-art metrics on four subjective databases of various distortion content. The CPA metric proved to be efficient on the four tested subjective databases, although its complexity is significantly lowered compared to complex HVS modeling exploited in C4. For most of the tested quality metrics, an efficient quality estimation cannot be reached for a database containing distortions of various frequency ranges. The CPA metric showed the best overall performances when a watermark is modulated onto different frequency carriers. The narrow distribution (low RMSE and Outlier Ratio) of the MOS versus MOSp plots for the proposed metric suggests that it could be used in order to reach a target objective quality in watermarking techniques, this will be the focus of future research. We will furthermore focus on improving the metric by incorporating a simplified masking model.
